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ABSTRACT
A pilot plant provided with a conical spouted bed reactor has been used for the
valorisation of waste tires by thermal pyrolysis in continuous mode. The effect of
pyrolysis temperature on product distribution and properties has been studied in the
temperature range from 425 to 600 ºC. This variable has proven to have an
important effect on product distribution. Thus, pyrolysis oil yield was reduced from
64.3 wt% at 425 ºC to 55.9 wt% at 600 ºC. However, the quality of carbon black was
improved operating at high temperatures (increasing BET surface area values). High
yields of certain interesting chemicals have been obtained in the liquid fraction, such
as limonene (19.3 wt%), isoprene (5.7 wt%) and styrene (6.1 wt%).
INTRODUCTION
Waste tires are a serious environmental problem due to the potential risk involved in
their stockpiling. Furthermore, stockpiling is not a suitable solution due mainly to the
volume of waste, which according to estimations will continue increasing at an even
higher rate over the coming decades. The world generation of used tires in 2005
was over 2.5 million tonnes in North America, 2.5 million tonnes in Europe and 0.51.0 million tonnes in Japan, which means 6 kg (the approximate weight of a tire) per
inhabitant and year (1). According to these estimations, this figure will increase to
above 17 million tonnes per year (approximately 1.4 billion tires) by 2012, given that
the national gross product in developing countries encourages car demand and tire
substitution as a measure for safe driving. These trends are not offset by the
measures adopted for prolonging tire life (2,3).
Different technologies are reported in the literature for tire pyrolysis. Fixed bed
reactors have commonly been used (4-8) but the problem related to this technology
is the poor heat transfer and efficiency. Another technology applied to tire pyrolysis
process is that based on a rotary kiln (9,10). Fluid bed reactors have been
extensively used for the pyrolysis of polymeric material since the 70s due to their
high heat transfer and bed isothermiticy. Several studies in the literature approach
tire pirolysis on fluidised bed reactors (11-14). The main problem of fluid beds for
that process is the need for grinding the tire material to a small particle diameter.
This process requires high amounts of energy, especially if cryogenic methods are
used for grinding.
The conical spouted bed reactor (CSBR) has been successfully used for the
pyrolysis of other solid residues, such as biomass (15) and plastics (16). The conical
spouted bed reactor has interesting features for waste tire pyrolysis, such as small
pressure drop, simple design or the capacity for handling coarse particles. The latter
is especially interesting because it allows using this technology with tire particles
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whose size is of the order of centimetres, which avoids fine grinding of the tire
rubber. In addition, the conical spouted bed reactor is highly versatile for operating
with high gas velocities and, consequently, a vigorous gas solid contact is generated,
which enhances heat and mass transfer between phases, increases the heating rate
of the solid and avoids bed defluidization by agglomeration of particles, even under
severe conditions involving very sticky particles (17). Moreover, operation can be
carried out with short gas residence times (as low as milliseconds) in the dilute
spouted bed (18). Consequently, the secondary reactions of the volatiles formed in
the reactor are reduced.
EXPERIMENTAL EQUIPMENT
A continuous pyrolysis unit for tire processing has been set up and fine-tuned based
on hydrodynamics studies conducted in a cold unit (19) and under reaction
conditions (20), and finally on the experience acquired in the pyrolysis of other types
of wastes (15,16,21-23). The elements of the bench scale pyrolysis plant are shown
in Figure 1. The main element of the plant is the reactor, which is a spouted bed of
conical geometry with a cylindrical upper section. A scheme of the reactor is shown
in Figure 2. The total height of the reactor is 34 cm, the height of the conical section
is 20.5 cm, and the angle of the conical section is 28º. The diameter of the
cylindrical section is 12.3 cm, the bottom diameter is 2 cm and the gas inlet diameter
is 1 cm. These dimensions guarantee the bed stability in a wide range of operating
conditions, given that it may operate from the regime of spouted bed to a vigorous
regime of dilute spouted bed.

Figure 1.

Scheme of the pyrolysis pilot plant unit provided with a conical
spouted bed reactor

The feeding system is pneumatically actuated and consists of a ball valve and a
hopper. The feed rate can be controlled by varying the number of load-unload cycles
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in the valve, which allows for feeding up to 5 g min-1 of tire. The nitrogen flowrate is
controlled by a mass flow controller that allows feeding up to 30 L min-1. Prior to
entering the reactor, it is heated to the reaction temperature by means of a
preheater. The volatile products leave the reactor together with the inert gas and the
finest carbon black particles. These particles are retained in a high efficiency
cyclone followed by a 25 m sintered steel filter. Both elements are placed at the
outlet of the reactor and inside a forced convection oven maintained at 280 ºC to
avoid the condensation of heavy hydrocarbons. The gases leaving this filter circulate
through a volatile condensation system consisting of a condenser and a
coalescence filter. The coalescence filter ensures total condensation of volatile
hydrocarbons. The condenser is a double shell tube cooled by tap water.

Figure 2. Scheme of the reactor and its main dimensions.
The tire material used is a rubber free of steel and other tire carcass elements and
has been provided by Jenecan S.L. Its main components are: natural rubber (SMR
5CV), 29.59 wt%; styrene-butadiene rubber (SBR 1507), 29.59 wt%; carbon black
(ISAF N220), 29.59 wt% and other less important additives.
A bed of 35 g of sand (particle diameter range 0.63-1 mm) has been used to
guarantee a good heat transfer and isothermicity during the continuous pyrolysis
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operation. In order to ensure stable spouting, the nitrogen flowrate has been set at
1.2 times minimum spouting velocity. The nitrogen flowrate was 9.5 Nl min-1 at 500
ºC and this value varies slightly with temperature, increasing at 425 ºC and
decreasing at 600 ºC.. Continuous operation has been carried out by feeding 3 g
min-1 of scrap tire and each run lasts for around 30 min. The CSBR allows for
continuous operation by selectively removing the carbon black from the bed, which
avoids its accumulation throughout the pyrolysis process. The fountain region of the
CSBR is characterized by the segregation of different density materials. In this
region, the solids of lower density (carbon black particles) describe higher
trajectories, whereas the heavier particles (sand and unreacted tire) record lower
heights. Based on this segregation, the removal of carbon black from the reactor is
carried out through a lateral pipe placed higher than the bed surface (Figure 2). The
product stream collected at the outlet of the system has been analysed on-line by
means of a GC Agilent 6890. The line to the chromatograph is heated to a
temperature of 250 ºC in order to avoid condensation of heavy hydrocarbon
compounds and make possible a complete analysis of the volatile products formed
in the tire pyrolysis process.
The liquid collected has also been analysed by GC/MS Shimadzu UP-2010S in
order to identify individual compounds in the reactor outlet stream. Non-condensed
gases have also been identified by means of the same equipment (GC/MS
Shimadzu UP-2010S), given that it is provided with a port for gas injection. Once a
continuous run has been completed (100g of tire fed), the char collected by the
lateral outlet and retained in the cyclone and filter was weighed and the liquid was
also collected for weighing and subsequent analysis.
RESULTS
The effect of temperature on product distribution has been studied in the 425-600 ºC
temperature range. To make easier the interpretation of the results the products
have been grouped into five lumps: Gas (C1-C4 hydrocarbons), non-aromatic liquid
fraction (non-aromatic C5-C10 hydrocarbons), aromatic liquid fraction (single-ring C10aromatic hydrocarbons), tar (which includes C11+ hydrocarbons, independently of
their aromatic or non-aromatic nature) and char (solid residue).
Figure 3 shows the evolution of the yields of the different lumps with temperature in
the range studied. The main effect of temperature is the increase of aromatic liquid
fraction and gases and the reduction of the non-aromatic C5-C10 fraction. The yield
of the gas fraction increases with temperature as a result of more severe thermal
cracking at high temperatures. This trend has also been observed by other authors
(6,9-13,24). The yields of gases obtained in a spouted bed reactor are similar to
those obtained by other authors in fluid bed reactors (12,13), but lower than those
obtained operating in devices with low heating rates (25). These differences are
explained by the longer residence time of the volatile fraction inside the reactor for
low heating rate devices compared to fluid beds and spouted bed reactors.
The gases are mainly methane and C2-C4 olefins and, given that their yield is low in
the temperature range studied, always below 10 wt%, their recovery is not viable.
Consequently, it is best burnt to produce energy for the pyrolysis process. A
significant increase in C10- aromatic compounds with temperature has been
observed, from 13.1 wt% at 425 ºC to 22.9 wt% at 600 ºC. This behaviour of C10-
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aromatic fraction is due to Diels-Alder reactions that promote the formation of
aromatic compounds from olefins (26).
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Figure 3.

Evolution of the yield of different lumps in the pyrolysis of tires in the
425-600 ºC temperature range

The gaseous and C10- aromatic fractions increase with temperature and the yield of
the non-aromatic C5-C10 fraction decreases, which is due to thermal cracking and
secondary reactions at high temperatures.
The heavy fraction, or tar, made up of C11+ components, has no clear trend in the
temperature range studied. The maximum yield of the tar fraction is obtained at 600
ºC, which accounts for 11.5 wt%, and the yields obtained at 425 and 500 ºC are very
similar (9.2 and 9.3 wt%, respectively). This complex behaviour of the tar fraction
with temperature is a result of two opposite processes; on the one hand, the thermal
cracking of tar to yield gases at high temperatures and, on the other, the
condensation of aromatic rings to yield heavy aromatic hydrocarbons (24).
Operation under relatively low temperatures and short residence times, as in this
case, gives way to a high yield of liquid fraction. The amount of liquid fraction is
almost constant up to a temperature of 500 ºC and then decreases at 600 ºC.
Studies in the literature report a decrease in the liquid yield working under fast
heating conditions, using technologies such as fluid beds, rotary kilns and
microreactors (10,11,14) However, other authors have not found any significant
effect of temperature on the liquid yield in the 500-700 ºC temperature range,
operating under low heating rates (6,7).
The yield of char or solid residue increases in the temperature range studied from
33.9 wt% at 425 ºC to 35.8 wt% at 600 ºC. The char is mainly the original carbon
black and the effect of temperature is to increase hydrocarbons deposition on its
surface, which causes a slight increase in the mass of solid residue obtained. It
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should be noted that char by itself has a catalytic activity that contributes to the
condensation of polyaromatic compounds. Other authors have also observed limited
variations in the char yield in the 400-600 ºC temperature range (6,9).
The residual carbon blacks from waste tires have high sulphur contents, which is a
serious problem for the use of this solid for tire manufacturing (26), so a
desulphuration process is required for carbon black recycling. The sulphur content is
around 3 %, which is similar to that obtained by other authors in the thermal
pyrolysis of tires (9,25,27). Another outstanding fact revealed by elemental analysis
is that most of the original tire sulphur is retained in the solid residue. In fact, few
sulphur compounds are found in the volatile fraction and their concentration is very
low. The adulterated carbon black obtained is of limited quality, given that it has a
relatively low surface area (below 120 m2/g). In order to use this solid residue as
active carbon, an activation process with steam or carbon dioxide is required. This
process is carried out at temperatures of around 900 ºC and active carbons of
commercial quality are obtained (28,29).
Some interesting chemicals are obtained in the liquid fraction, the yield of isoprene
remains between 5.7 and 4.5 wt% in the temperature range studied. This
component is produced by the pyrolysis of natural rubber. Other interesting
compounds obtained in the tire pyrolysis process are those of the BTXE fraction.
Thus, xylene demand is growing in the plastic industry and indene is used to
produce resins of indene/cumarone for the manufacturing of adhesives and paints.
The yield of BTXE fraction increases with temperature by enhancing the Diels-Alder
condensation and dehydrogenation reactions.
The content of aromatics and olefins in the liquid is rather high, which may limit its
direct application as fuel, particularly in the case of the liquids obtained at 600 ºC, in
which the amount of aromatic and polyaromatic compounds is considerably high.
The liquid fraction may be processed in a refinery by feeding the pyrolysis liquid to
hydrocracking units for reducing aromatic and olefin content.
The main individual component in the liquid fraction is limonene, which reaches its
maximum yield of 19.3 wt% at 425 ºC. Given that a high heat transfer rate and a
short residence time in the reactor are factors that promote a high limonene yield
(30), the conical spouted bed reactor is a suitable for obtaining high yields of this
component (31). Limonene is very unstable at high temperatures and, operating
under theses conditions, its yield undergoes a sharp reduction to less than 1 wt% at
600 ºC. The limonene yields obtained in batch operation are higher than in
continuous (a maximum yield of 24 wt% at 425 ºC) and their decrease with
temperature is less pronounced [30].
CONCLUSIONS
The conical spouted bed reactor is a suitable technology for tire fast pyrolysis in
continuous mode. Continuous operation gives way to higher yields of gases and
both aromatic and non-aromatic C5-C10 compounds, but lower yields of C11+ fraction.
Temperature has an important effect on product distribution by increasing the
aromatisation of the volatile fraction and the gas yield. Moreover, the quality of the
solid fraction (adulterated carbon black) is improved by operating at high
temperatures. The liquid fraction is of suitable quality for its use as fuel or it can be
an interesting feedstock for a refinery, especially for the hydrocracking process.
Pyrolysis oil contains interesting products in high concentrations depending on the
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operating conditions, such as limonene, isoprene and BTX fraction. The adulterated
carbon black has enough BET surface area for its recycling, but a desulphuration
process is needed for this purpose. Furthermore, commercial quality active carbons
can be obtained from residual carbon black by means of an activation process.
ACKNOWLEDGMENTS. This work was carried out with the financial support the
Ministry of Science and Education of the Spanish Government (CTQ2007-61167)
and the Department of Industry of the Basque Government (Project ETORTEK08/27).
REFERENCES
[1] M.B. Larsen, L. Schultz, P. Glarborg, L. Skaarup-Jensen, K. Dam-Johansen, F.
Frandsen, U. Herriksen, Devolatilization characteristics of large particles of tyre
rubber under combustion conditions, Fuel 85 (2006) 1335-1345.
[2] J. Schwager, Technological Solutions and Market Opportunities. Juniper:
Gloucestershire (England), 2004.
[3] N. Sunthonpagasit, M.R. Duffey, Scrap tires to crumb rubber: feasibility analysis
for processing facilities, Resour. Conserv. Recycl. 40 (2004) 281-299.
[4] S. Ucar, S. Karagoz, A.R. Ozkan, J. Yanik, Evaluation of two different scrap tires
as hydrocarbon source by pyrolysis, Fuel 84 (2005) 1884-1892.
[5] M. Kyari, A. Cunliffe, P.T. Williams, Characterization of oils, gases, and char in
relation to the pyrolysis of different brands of scrap automotive tires, Energy Fuels
19 (2005) 1165-1173.
[6] C. Berrueco, E. Esperanza, F.J. Mastral, J. Ceamanos, P. García-Bacaicoa,
Pyrolysis of waste tyres in an atmospheric static-bed batch reactor: analysis of the
gases obtained, J. Anal. Appl. Pyrolysis 74 (2005) 245-253.
[7] M.F. Laresgoiti, B.M. Caballero, I. de Marco, A. Torres, M.A. Cabrero, M.J.
Chomón, Characterization of the liquid products obtained in tyre pyrolysis, J. Anal.
Appl. Pyrolysis 71 (2004) 917-934.
[8] A. M. Mastral, R. Murillo, M.S. Callén, T. García, C.E. Snape, Influence of
process variables on oils from tire pyrolysis and hydropyrolysis in a swept fixed bed
reactor, Energy Fuels 14 (2000) 739-744.
[9] S.Q. Li, Q. Yao, Y. Chi, J.H. Yan, K.F. Cen, Pilot-scale pyrolysis of scrap tires in
a continuous rotary kiln reactor, Ind. Eng. Chem. Res. 43 (2004) 5133-5145.
[10] S. Galvagno, S. Casu, T. Casabianca, A.Calabrese, G. Cornacchia, Pyrolysis
process for the treatment of scrap tyres: preliminary experimental results, Waste
Manage. 22 (2002) 917-923.
[11] W. Kaminsky, C. Mennerich, Pyrolysis of synthetic tire rubber in a fluidised-bed
reactor to yield 1,3-butadiene, styrene and carbon black, J. Anal. Appl. Pyrolysis 58
(2001) 803-811.
[12] W. Kaminsky, C. Mennerich, Z. Zhang, Feedstock recycling of synthetic and
natural rubber by pyrolysis in a fluidized bed J. Anal. Appl. Pyrolysis 85 (2009) 334–
337.
[13] J.A. Conesa, R. Font, A. Marcilla, Gas from the pyrolysis of scrap tires in a
fluidized bed reactor, Energy Fuels 10 (1996) 134-140.
[14] X. Dai, X. Yin, C. Wu, W. Zhang, Y. Chen, Pyrolysis of waste tires in a
circulating fluidized-bed reactor, Energy 26 (2001) 385-399.

Published by ECI Digital Archives, 2010

7

The 13th International Conference on Fluidization - New Paradigm in Fluidization Engineering, Art. 87 [2010]

[15] R. Aguado, M. Olazar, M.J. San José, A. Aguirre, J. Bilbao, Pyrolysis of
sawdust in a conical spouted bed reactor. Yields and product composition, Ind. Eng.
Chem. Res. 39 (2000) 1925-1933.
[16] G. Elordi, M. Olazar, R. Aguado, G. Lopez, M. Arabiourrutia, J. Bilbao, Catalytic
pyrolysis of high density polyethylene in a conical spouted bed reactor, J. Anal. Appl.
Pyrolysis 79 (2007) 450-455.
[17] R. Aguado, R. Prieto, M.J. San José, S. Alvarez, M. Olazar, J. Bilbao,
Defluidization modelling of pyrolysis of plastics in a conical spouted bed reactor,
Chem. Eng. Process. 44 (2005) 231-235.
[18] R. Aguado, M. Olazar, M.J. San José, B. Gaisán, J. Bilbao, Wax Formation in
the Pyrolysis of Polyolefins in a Conical Spouted Bed Reactor. Energy Fuels 16
(2002) 1429-1437.
[19] M. Olazar, M.J. San José, A.T. Aguayo, J.M. Arandes, J. Bilbao, Stable
Operation Conditions for Gas-Solid Contact Regimes in Conical Spouted Beds. Ind.
Eng. Chem. Res. 31 (1992) 1784-1792.
[20] M. Olazar, G. Lopez, H. Altzibar, R. Aguado, J. Bilbao, Minimum Spouting
Velocity Under Vacuum and High Temperature in Conical Spouted Beds. Can J.
Chem. Eng. 87 (2009) 541-546.
[21] M. Olazar, R. Aguado, M. Arabiourrutia, G. Lopez, A. Barona, J. Bilbao,
Catalyst Effect on the Composition of Tire Pyrolysis Products. Energy Fuels 22
(2008) 2909-2916.
[22] M. Olazar, G. Lopez, M. Amutio, G. Elordi, R. Aguado, J. Bilbao, Influence of
FCC Catalyst Steaming on HDPE Pyrolysis Product Distribution. J. Anal. Appl.
Pyrolysis 85 (2009) 359-365.
[23] M. Artetxe, G. Lopez, M. Amutio, G. Elordi, M. Olazar, J. Bilbao, Operating
Conditions for the Pyrolysis of Poly-(ethylene terephthalate) in a Conical Spouted
Bed Reactor. Ind. Eng. Chem. Res. 49 (2010) 2064–2069.
[24] A.M. Cunliffe, P.T. Williams, Composition of oils derived from the batch
pyrolysis of tyres, J. Anal. Appl. Pyrolysis 44 (1998) 131-152.
[25] C. Díez, O. Martínez, L.F. Calvo, J. Cara, A. Morán, Pyrolysis of tyres. Influence
of the final temperature of the process on emissions and the calorific value of the
products recovered, Waste Manage. 24 (2004) 463-469.
[26] K. Unapumnuk, M. Lu, T.C. Keener, Carbon distribution from the pyrolysis of
tire derived fuels, Ind. Eng. Chem. Res. 45 (2006) 8757-8764.
[26] G. San Miguel, G.D. Fowler, C.J. Sollars, A study of the characteristics of
activated carbons produced by steam and carbon dioxide activation of waste tyre
rubber, Carbon 41 (2003) 1009-1016.
[27] R. Helleur, N. Popovic, M. Ikura, M. Stanciulescu, D. Liu, Characterization and
potential applications of pyrolytic char from ablative pyrolysis of used tires, J. Anal.
Appl. Pyrolysis 58 (2001) 813-824.
[28] E.L.K. Mui, D.C.K. Ko, G. McKay, Production of active carbons from waste
tyres: a review, Carbon 42 (2004) 2789-2805.
[29] G. López, M. Olazar, M. Artetxe, M. Amutio, G. Elordi, J. Bilbao, Steam
activation of pyrolytic tyre char at different temperatures, J. Anal. Appl. Pyrolysis 85
(2009) 539–543.
[30] H. Pakdel, D.M. Pantea, C. Roy, Production of dl-limonene by vacuum pyrolysis
of used tires, J. Anal. Appl. Pyrolysis 57 (2001) 91-107.
[31] M. Arabiourrutia, G. Lopez, G. Elordi, M. Olazar, R. Aguado, J. Bilbao, Product
distribution obtained in the pyrolysis of tyres in a conical spouted bed reactor, Chem.
Eng. Sci. 62 (2007) 5271-5275.

http://dc.engconfintl.org/fluidization_xiii/87

8

